that the only function of the esophagus is to serve as a propulsive conduit from the pharynx to the stomach. Over the past decade, the motor function of this organ has been extensively investigated in both normal animal and human subjects and in various disease states. These studies, at both the organ and cellular levels, have greatly extended knowledge of the mechanisms and control of muscle action and how muscular dysfunction can cause disease or symptoms.
However, several investigators have explored another property of the esophagus-the presence of a transmural electrical potential difference (PD) (1, 2, 10, 11, 15-l 7, 20, 26) . The origin of this PD has not been defined. We have studied the rabbit esophagus with in vivo and in vitro techniques in order to determine the nature of the PD and the characteristics of water and eIectrolyte transport in mammalian esophagus.
METHODS
All studies were performed on male, New Zealand albino rabbits weighing 2-3 kg* The basic solution used was a and Ag-AgCl electrodes with agar bridges made up with the solutions studied. The electrodes were connected to an automatic voltage clamp (Physiology Instrument Laboratory, Yale University School of Medicine), which automatically corrects for fluid resistance between the PD sensing bridges, for measurements of the PD and I,,. Tissues were continuously short circuited, except for 5-to 10-s intervals when the open-circuit PD was read. Radioactive isotopes were added to the mucosal and/or serosal bathing solution 5-10 min after mounting the tissues, and this was designated as time 0. It was found that 45 min were required before steady-state isotope transfer of Na or Cl occurred (Fig. 2) ; therefore three 30-min flux periods were measured from 45 to 135 min. The average of the three determinations was taken as the flux values for that tissue. Simultaneous bidirectional Na fluxes were determined with 22Na and 24Na. In separate experiments, on different tissues, oppositely directed unidirectional Cl fluxes were measured on adjacent pieces of esophagus with 36Cl. Net Cl transport was the difference in these two fluxes from the same esophagus. The methods of isotope counting have been previously described (18). A negative PD refers to the orientation of the mucosa with respect to the serosa, in keeping with the convention used in previous in vivo studies of esophagus (1, 2, 10, 11, 15-17, 20, 26) . All esophageal PD's in these experiments, both in vivo and in vitro, were mucosa negative with respect to the serosa. In preliminary experiments it was found that the current-voltage relationship was linear over a f 100 mV range, indicating that the esophageal epithelium behaves as an ohmic resistor. Therefore, resistance was determined by the ratio of the open-circuit PD to the I,,. A negative sign before a net flux infers net serosa-to-mucosal transport (secretion) . N refers to the number of tissues in the Na experiments and number of tissue pairs in the Cl experi nents. Generally the number of tissues also equals the number of animals. The significance of differences in POWELL, MORRIS, AND BOYD means was determined by the paired or unpaired Student f test (23).
RESULTS

Ehctrical Parameters
The mean esophageal PD in 10 rabbits perfused with Ringer solution for 150 min in vivo was -28 =t 3 mV. The electrical parameters of the esophagus, stripped of its muscular and connective tissue layers and mounted in vitro, are shown in Fig. 3 . The PD of 32 animals peaked at -20 mV, 30 min after mounting, with a gradual decline over the 135 min duration of the experiments. The I,, gradually declined from 18 to 11 PA/cm?
The resistance reached a steady-state value of 1,500 ohm*cm2 within 1 h of mounting. There was little difference in the electrical parameters in vitro at different levels of esophagus as shown in Fig. 4 . (n = 32). FIG+ 4. PD, I,,, and resistance at 4 levels of esophagus in vitro. Esophagi of 11 rabbits were divided into 4 segments from pharyngeal (1) to gastric end (4). Only PD of pharyngeal end was significantly greater than that of other 3 sections (P < 0.001). Only the PD of the most proximal esophagus (pharyngeal end) showed a statistically higher value, 22.4 & 1.7 mV, as opposed to 15*9-l 7.1 & 1.5 mV for the more distal segments. Although the Isc and resistance of the most proximal segments were slightly greater, these differences were, on the average, not significant.
In Vitro Transport
Ringer solution, Sodium and chloride fluxes and the electrical parameters in Ringer solution in vitro are shown in the top of Table  1 . Net sodium flux (Jf:) was 0.320 peq/h l cm2 from mucosa to serosa, which represented 77 % of the simultaneously measured Isc (expressed as units of ion flux). In separate experiments, a net chloride flux of -0.070 was determined in the opposite direction (from serosa to mucosa), and this value was significantly different from zero (P < 0.001). Having a negative value, the net chloride transport could be considered as accounting for 14 % of the measured I,,.
Since net Na transport appeared to account for most of the L, the relationship between bathing solution Na concentration and the I,, was investigated as shown in Fig. 5 . The I,, was a saturating function of Na concentration with an apparent Km of 43 mM and a V,., of 19.5 pA/cm2. A similar relationship was found between bathing solution Na concentration and the PD with a Km of 43 mM and a V max Of 25 mV.
The effect of 1W4 M ouabain on the I,, of the in vitro rabbit esophagus is shown in Fig. 6 . This cardiac glycoside effectively inhibited the I sc within 45 min. Furthermore, it appeared that this agent was active only when added to the serosal bathing solution. The effects of ouabain on Na and Cl fluxes are shown in the bottom of Table  1 . Jte: was inhibited 83 % by ouabain (P < 0.001 ), and the remaining net Na transport, 0.054, did not differ significantly from the L, 0.043 peg/h l cm2. Jztt was reduced essentially to zero by ouabain.
Another Na transport inhibitor, amiloride, was investigated as shown in Fig. 7 . Large doses of this inhibitor, at lcasl KF4 M, were llecessal-y to achicvc a sigdimt inhibition of the I,, and PD. Of note is that 10-30 min were required for maximal inhibition, and in addition, this drug appeared to be more effective in the esophagus when added 
In Viva Transport
The net transport rates of H20, Na, K, and Cl measured in vivo in 10 animals by the recirculation-water marker technique.
[14C]PEG recovery in these experiments was 99.7 & 0.3 %. The rate of water absorption was 10.2 & 3.8 pi/h *cm length, but was significantly difl'erent from zero and within the limits of sensitivity of this technique.'
Meaningful data for electrolyte absorption could not be obtained because of the propagated errors inherent in this experimental technique and because the low levels of absorption strain the accuracy of this technique.
The rates of measured Na, K, and Cl transport were 0.41 h 0.38, -0.03 AI 0.05, and 1.32 & 1.02 peq/h*cm length, respectively. It shouId be noted that Na absorption in vivo must take place against an adverse electrical gradient of 28 mV.
Although a transmural PD across mammalian esophagus was recorded as early a$ 1952 by Rovelstad, Owen, and Magath (ZO), little is known regarding the nature of this phenomenon.
In fact, the magnitude and electrical orientation of this PD have not been conclusively established. Beck and colleagues (1, 2, 15, 26) and other investigators (11, 16, 17) h ave measured a variable PD generally oriented with the mucosa positive with respect to serosa. However, Grantham, Code, and Schlegel (10) have demonstrated that with the proper placement of the reference electrodes (intravenous rather than skin) the transesophageal PD in man is approximately -10 mV, lumen negative. In the present experiments with an experimental animal, where the reference electrode was placed directly on the serosal surface of both the cervical and intra-abdominal esophagus,
we have recorded a lumen negative PD (-28 mV), which suggests this is the correct orientation of mammalian esophagus. The fact that ouabain appears to be active only when added to the serosal bath is taken as evidence in other epithelia, such as frog skin, toad bladder, and intestine, that Na-K-ATPase (and the Na pump) is located at the serosal aspect of the transporting cells. However, the cells responsible for active Na transport in the esophagus may be located deep within this epithelium, and there could be a significant diffusion barrier to ouabain. Therefore, interpretation of the site of action of ouabain in this epithelium must be guarded, This may also account for the atypical effects of amiloride in the esophagus. This drug, which is thought to act by inhibiting Na entry into the transporting cells, has an essentially instantaneous onset of action and is effective in low concentration (10 -"lo-" M) when added to the mucosal bathing solution of toad bladder and frog skin (3, 4, 21) . In the esophagus (Fig. 7) , much larger concentrations of the drug and a longer time were necessary to achieve significant inhibition. Inhibition was also more effective when the drug was added to the serosal solution. The reasons for these differences are unclear but may be due to a significant diffusion barrier at the mucosal surface. Table 3 are summarized the electrical parameters and direction of electrolyte transport in vitro of several stratified squamous epithelia. All are relatively high-resistance epithelia, and all transport Na from m to s. They differ in the direction in which they transport anion. Electrically, the esophagus closely resembles rumen epithelium, which is not surprising in that it is generally considered that the rumen is embryologically derived from esophagus. The cells responsible for electrolyte transport in these epithelia remain to be conclusively identified. In the frog skin, which is only three to five cell layers thick, and in rumen epithelium, which contains many cell layers like the esophagus, it is thought to be those cells at the midlevel of the epithelium called the stratum granulosum (9, (12) (13) (14) 27 
